Introduction
Thulium−doped fibre lasers (TDFLs), operating in an eye− −safe 2 μm spectral range, have found great interest in the last few years due to various possible applications in many fields. For example, such lasers might be used in laser spec− troscopy -for detection of trace amounts of molecules and compounds (e.g., greenhouse gases, like carbon dioxide and nitrous oxide) [1] , medicine -due to the high water absorp− tion in this spectral range [2] [3] [4] , optical telecommunication, materials processing, and LIDAR systems [5, 6] . Fibre lasers based on Tm−doped active fibres are characterized by a very broad emission bandwidth ranging from 1.7 to 2.1 μm which allows for a tuneable operation in a wide wavelength range [7, 8] . A broad absorption band is another important advantage. It gives several alternative capabilities of choos− ing the pump wavelength [9] [10] [11] [12] [13] . One of the popular pum− −ping approaches is to use a fibre laser operating in a 1560-1570 nm range. A pump from this wavelength re− gion was used by M. Jiang et al. [14] in a gain−switched TDFL, resulting with a 50% slope efficiency and the peak power of 1 kW. Another approach is to use laser diodes operating at a 790 nm wavelength, where the Tm 3+ ions have their most prominent absorption peak [15] . The usage of this pumping wavelength allowed to achieve more than 1 kW of output power from a two−stage amplifier, with a 53.2% slope efficiency at a 2045 nm wavelength [16] . Recently also a resonant pumping was proposed for a Tm− −doped fibre laser, whereby slope efficiency of 90% is pos− sible to reach. In Ref. 17 slope efficiency of 90.2% of a thu− lium doped fibre laser with an output power of 1.43 W of 2005 nm was achieved, with a 1.76 W pump power at 1908 nm. Due to the many possible applications and advan− tages of thulium−doped fibre laser, Tm−doped fibres, as well as the fused components for its all−fibre construction are still being developed [18] .
All−fibre design of TDFLs gives many advantages in contrast to lasers based on free−space components. Using passive fibre components instead of bulk optics allows to maintain high beam quality (the beam does not leave the single−mode waveguide). Such construction technique ma− kes the laser setup simple, robust and immune to external factors, like vibrations, contaminations, etc. [6, 19] . The most important fibre components in all−fibre lasers are the pump power combiners [20] . The usage of those passive fibre components allows for very efficient coupling of pump power into the active double−cladding fibre on which the high−power lasers are based [21] [22] [23] [24] . A typical pump power combiner fabrication is based on tapering of fibre bundle [25] . Usually, power combiners are made in a N×1 configu− ration. It means that combiner has N fibres at its input (for the pump power) and one output fibre. The output fibre is typically a passive double−clad fibre. In the case of a fibre amplifier setup, one of the fibres in the bundle is dedicated for signal transmission. This fibre is then surrounded by the pump ports, forming a (N+1)×1 configuration of the com− biner [22] . Usually 105/125 μm multimode fibres with 0.22/0.15 NA are used as input ports for the pump light. As output fibres passive double−clad fibres are used, with the clad diameter from 125 to 400 μm. Commercially available, e.g., from ITF Labs, Nx1 combiners offer a pump power coupling efficiency at the level > 90% in the case of 125 μm of output fibre clad diameter. For larger diameters of the output fibre offered transmission efficiency the level is > 93% [26] . In case of pumping methods based on free− −space components, end−pumping is the most popular and gives 70-85% coupling efficiency [27, 28] . However, appli− cation of this method to the laser setup makes the construc− tion very complicated, sensitive for external factors and requires the use of a precise optical and mechanical adjust− ment. In 2010 Jun Ki Kim and co−workers presented an all−glass pump combiner with the coupling efficiency ex− ceeding 80% [29] . In their approach, the pump combiner consists of multiple pump fibres and an active double−clad fibre spliced to a di−chromatically coated planar convex lens. In Ref. 30 pump power transmission level at 94% in the case of (6+1)×1 combiner was obtained. Performed po− wer combiner was fabricated using tapering process, similar to the process presented in this paper, however, in this par− ticular case the output fibre has a core/clad diameter of 25/250 μm and in our case it is 9/125 μm. There are also reports of fabrication of a pump combiners with a larger number of input ports. In Ref. 31 a 7×1 combiner was first prepared as an inner bundle by fusion tapering process and, then, additional fibres were attached at the outside of the bundle. The whole structure was fused and tapered, creating the final bundle consisting of 14-18 of input ports. The input ports was typically a 105/125 μm multimode fibre and the output fibre was 200/220 μm. The average transmission level reached by this pump combiner was on the 93% level. Pump power combiners are key components in all−fibre sys− tems which allow to keep the setup fully fibreized and immune to external factors. However, commercially avail− able combiners are expensive and are often not customiz− able, offering only a limited number of input/output fibre types, thus, many researcher groups are still developing topic of pump power combiners and pump combiners with signal feed−through [26,29-37].
Fabrication process of a 7×1 pump power combiner
In this paper we demonstrate a high−power Tm−doped fibre laser emitting over 6 W of CW output power, utilizing a home−made pump power combiner. The coupler was per− formed using a 3SAE LDS system (Large Diameter Splicer) [35] , based on a tri−electrode technology. This allows more efficient heating of the fibre because three electrodes are creating so called Ring Of Fire -ROF ( Fig. 1 ). Addition− ally, the system is equipped with an inner cleave blade and allows for profile scanning of fabricated structures. The system allows to taper down a bundle consisting of several fibres placed in a capillary tube. In our case, seven conventional multimode fibres with core/clad diameter of 105/125 μm and NA = 0.22, were placed in a capillary tube.
The diameter of a bundle containing seven multimode fibres is 375 μm. Total diameter of a bundle is increased by the thickness of a capillary tube which finally gives a diameter of 500 μm.
In the fabrication process capillary tube with diameters 530/700 μm was used (TSP 530700, Optronis GmbH). The inner diameter is too large for the prepared fibre bundle, thus, the fabrication process includes preparing of a capil− lary tube. It is tapered down from diameter 530/650 μm to about 400/500 μm. A profile of an exemplary tapered capil− lary tube is shown in Fig. 2 . The most important section of this structure is the section marked as L2. It should be at least 20 mm long, in order to taper it down further in the next steps of the process. In our case the length of the L2 section is about 25 mm. Sections L1 and L3 do not have any influence on parameters of the performed combiner. Main tapering process (tapering of the fibre bundle) covers only L2 section. Figure 3 shows a cross section area of the prepared cap− illary tube (approx. a 400 μm inner diameter), and a bundle of seven multimode fibres inserted to this capillary. The filled capillary was afterwards tapered down to the diameter of 150 μm. Recorded profile of the tapered structure is shown in Fig. 4 .
The sections L1 and L5 were created during tapering of the capillary tube from 530/650 μm to 400/500 μm (section L1 and L3 from the end of section L4 can be seen. They are created by spe− cific movements of the ROF. While the fibre bundle is stretched out, the ROF is heating it and scanning many times on proper distance (from left side to the right and vice versa). This distance during the whole process is decreasing (from 20 to 3 mm) and this is why we can see a very small L3 section. However, those small steps are a result of chang− ing direction from left to right by the ROF. Because the LDS system provides control on many parameters of the tapering process, those steps can be eliminated by slowing down the starching speed, which in this case starts from 4 μm/s and accelerates at the end of the process to 40 μm/s. Reducing this speed, as well as the speed of the ROF can help to eliminate those steps. After tapering process structure was cleaved in Section L3 and spliced to a passive double−clad fibre (Nufern GDF− −1550) with a core/clad diameter of 9/125 μm. The cross section area of a cleaved tapered structure is shown in Fig. 5 . The external diameter (including capillary tube) is about 150 μm, and the diameter of the fibre bundle inside the capillary is about 110 μm. Similar fabrication process was presented in Ref. 36 , where a power combiner in a (N+1)×1 configuration was shown.
Fabricated structure was closed in an aluminium hous− ing in order to provide proper heat dissipation. The trans− mission for each multimode port varies from 80% up to 85%. The highest transmission level was achieved for the centrally located fibre, thanks to its best coupling with the clad of the output passive fibre. In Ref. 36 efficiency of a fabricated (6+1)×1 power combiner based on a single− −mode feed−trough signal fibre and a 9/125 μm double−clad output fibre was on the level of 68-72%, so we can see that some improvements in the fabrication process was made. However, in the same work the combiner in a configuration of (6+1)×1, but based on the LMA feed−through fibre (20/ 125 μm) and an output fibre of 25/300 μm, was also pre− sented. In the case of a pump and signal combiner based on LMA fibres transmission of pump power was achieved on much higher level: 96-99%, so the efficiency of the (7×1) pump power combiner fabricated in this work is much be− low these results. On the other hand, this is the first result in the case of this pump combiner configuration and even though it requires an optimization of the tapering process, the result is better than in the case of (6+1)×1 pump and sig− nal combiner with the same output double−clad fibre pre− sented in Ref. 36 . It was easier to achieve high transmission level in the case of a pump and signal power combiner pre− sented in our previous work (with LMA output 25/300 μm fibre). This is because the outer diameter of the output fibre was very large -300 μm, so the fibre bundle consisting of 6 multimode fibres (105/125 μm) and one signal LMA fibre (20/125 μm) was tapered down with a very small taper ratio (TR = 1.3). In the case of the 7×1 pump combiner presented in this work the taper ratio is much larger (TR = 3), and it has a great influence on the fabricated power combiner transmission level. Minor losses can be caused by small steps in the shape of the taper. Higher distortion of the profile was observed in Ref. 36 where very high transmission efficiency was observed. Pump combiner losses can be easily estimated by the brightness ratio, which is defined as [37] sented in Ref. 36 the BR parameter is > 5, thus, we have a high transmission level (97-99%). In this case the BR is > 0.88, therefore, some losses resulting from tapering to the outer diameter of an output fibre are unavoidable. Addition− ally, losses are enlarged by cleaving and splicing, but these processes are easy to optimize because of a smaller outer diameter than in the case of the combiner from Ref. 36 . Some losses can be also caused by a non−linear shape of the taper. Defects such as shape of the profile, slight steps on it, cleaving and splicing have some influence on the pump sig− nal attenuation, but they can be optimized. Another thing that affects the transmission is tension of the bundle during the tapering process. It should remain on the 0-5 g level during the whole process. In this specific case the tension raised in the last part of the tapering process resulting in stresses inside the bundle. This drawback can be offset by increasing the power of the ROF in the last part of the process.
The fabricated coupler was tested in the case of back− ward propagated radiation. This phenomenon can spontane− ously occur in a laser or amplifier configuration and cause damage of the pumping laser. In this experiment, a 25 mW signal at 1550 nm wavelength was launched to the DC out− put of the combiner. At ports from 2 to 7 (which surround central port no. 1) this signal was successfully suppressed by 23 dB. However, almost 90% of the launched 1550 nm signal is transferred to the central port (which is placed in the middle of the bundle). This centrally placed fibre, beside good coupling with the clad, has good coupling with the core of the output fibre. This is the reason of the smallest attenuation of backward propagated radiation which poses a high risk of a possible damage of the pump source launched to this port. Therefore, the central port should not be used for pumping, however, other six multimode ports can be safely used.
Long term behaviour of the fabricated combiner was verified using four 915 nm multimode laser diodes spliced to 4 ports of the combiner (total power of 36 W) and laun− ched for a period of 1 hour. The temperature of the com− biner did not exceed 55°C and the transmission of each port maintained unchanged.
Application of fabricated pump power combiner in a thulium-doped fibre laser
The fabricated combiner was applied in a high−power Tm− −doped fibre laser in a linear cavity configuration. Our expe− rimental setup is shown in Fig. 6 . The laser setup was based on a 3 m long Tm−doped active fibre (CorActive -DCF−TM−10/128). It was for− ward pumped by five~790 nm laser diodes (LUMICS-LU0793T040−QD05N12A) with a maximum total pump power of 20 W (each diode emits 4 W). Fibre Bragg grat− ings (FBGs) on double−clad fibres were used as both mirrors in the resonator. The FBG at the input has a FWHM band− width of 1.06 nm, a peak reflectivity higher than 99% at 2000 nm, and over 94% transmission for the 793 nm pump wavelength. The output FBG has 0.5+/-0.2 nm bandwidth, and peak reflectance at the level of 10 +/-2% for 2000 nm. Both FBGs were made on double−cladding fibres with a 10 μm core diameter, matched to the active fibre. This allows to avoid splicing losses caused by core diameter mismatch.
For pumping an active double clad fibre, a fabricated power combiner was used. There was available five laser diodes, thus only five from seven input ports of the com− biner were used. Because of a very low attenuation of back− ward radiation of the central port, it will not be used in the laser setup for the safety reason. Pumping radiation of 20 W was launched through five combiner ports (from port no. 2 to port no. 6). A graph showing the output power vs. the pump power is presented in Fig. 7 .
The maximum achieved output power was 6.42 W at 20 W of pumping power. The slope of efficiency was at the level of 32.1% and no decrease in the slope was observed. The manufacturer of the used active fibre in our setup re− ports the slope efficiency of 47% [38] . The cause of a lower efficiency of our experimental setup is that it was not opti− mized yet. Each splice between fibre components may result in some attenuation, nevertheless, the highest attenuation and reason of a low slope of efficiency is performed pump power combiner which has a pump power coupling effi− ciency on a 80% level. It means that only 16 W (from 20 W) is launching into the active double clad fibre. Our laser setup itself clearly requires optimization, but the major los− ses are caused by the combiner. In Fig. 7 it can be also seen that in the case of port no. 1 the backward radiation is rapidly increasing with the highest launched pump power. The maximum power recorded on port no. 1 reached about 50 mW in comparison to less than 10 mW on port no. 7. This shows that despite the higher transmission of the central fibre, it should not be used as a pumping port. This fibre should be cleaved at some angle to avoid possible refraction of its end face or used as a tap monitor.
The recorded optical spectrum for maximum pump power is shown in Fig. 8 . The output signal is characterized by the optical signal to noise ratio (OSNR) at the level of almost 70 dB, and FWHM of 0.13 nm. Figure 9 shows the measured output power stability over 1 hour period. It can be seen that the fluctuations are very small and the calculated output power variation is at the level of 1.23%.
Conslusions
In conclusion we have demonstrated a Thulium−doped fibre laser with a self−fabricated pump power combiner with 7 multimode pumping ports and a 9/125 μm double−clad fibre at its output. The pump coupling efficiency for seven multimode input fibres reaches 80-85% which is very satis− factory. Taking into account the cost efficiency of self−fabri− cated combiner, and the results achieved so far, an all−fibre pumping scheme seems to be an excellent alternative to the free−space coupling. We believe, that further optimization of the fabrication process will allow to achieve higher trans− mission, reaching 90-95%. Such improvement could be achieved by changing tapering parameters or improving cleaving and splicing process. The fabricated combiner was successfully applied in a Thulium−doped fibre laser setup, capable of generating 6.42 W of CW power at 2000.9 nm wavelength, in the presence of 20 W of pumping power. 
